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ABSTJ 

Pore-sise  distributions  of  hardened  cement  pastes,,  as  determined  by 
mercury  porosimetry,  are  shown  to  be  generalizsc  log-normal  distributions 
bounded  by  the  existence  of  a  trsaxlasua  diameter  but  not  by  a  minimum 
jiiaffieter.  An  excellent  fit  is  found  fox  pastas  ot   0.4  and  0.6  water: 
cement  ratio  ar?4  ages  between  1  day  and  almost  1  year.  The  distribution 
is  described  in  Coras  of  three  parameter;-:   the  limiting  upper  bound 
diameter  (M«*.)  and  two  parameters  M*  and  6   ,  describing  the  geometric 
mean  and  standard  deviation,  respectively,  of  the  generalized  log 
normal  distribution.   The  cumulat      "e  si«e  distribution  is  given 
by  the  equation; 

p(M)  s  So  -5©  t**  |7rf^| 

vhere  P  (M)  is  percent  of  pore  volume  in  diameters  larger  than  M,  M*  is 
M.-Mpj*  /  M«  -  M,  and  erf  is  the  error  function.  >'#e  and  H*  are  functions 
of  the  water  cement  ratio;       they  decrease  ?ith  age  up  to  about  2 
months  and  ara  then  sensibly  constant.   Intrusion  data  taki'n  at   pressures 


50(000   psi,    c<  i   of    the  order  of   25A,    substantiate 

the   cone  i  pores    intruded  belong    to  s    sin;;le    pore~ 

size   di<  f   be-tnodality  (i.e.    the   existence   of 

a  separate  class  o  res)    is  observed. 


The  early  wox-k  of        (1,  2)  has  Long  been  interpreted  as 

product 
)  has  a  bimodal  pore-size  distribution.   It  has  been 
ma3  to  speak  about  ''cement  gel"  as  an  entity  constituting 
the  products  of  the  cement,  hydration,  including  the  coarsely- crystalline: 
lime.   This  gel  is  interpreted  as  having  a  characteristic  or  intrinsic 
porosity        ting  about  one-quarter  of  its  bulk  volume  in  so-called 
gel  pore:-       were  calculated  to  be  about  20  A  in  diameter.   In  ad- 
dition to  cement  gel,  the  hardened  pasts  contains  residual  unreacted 
cement  grains  and  also  residual  pore  spaces  (the  so-called  capillary 
pores)  that  were  be  of  a  size  range  "orders  of  magnitude 

larger  than  gel  pores"  (2) .  This        ion  between  gel  pores  and 

■f   pores  and  the  assumed  bimodal  pore -size  distribution  it  cn- 
tails  have  been  a  gaiier-c  feature  of  what  has  become  known  as  the  Powers 
model  of  cement  paste, 

Brunsuer  and  his       ues  (for  example  3-5)  have  made  many  note- 
worthy contributions  to  the  experimental  study  of  the  pore  systems  in 
cement  paste.  The        have  been  secured  by  adsorption  and  desorption 
measurements  with  nitrogen  (and  other  vapors'/  and  have  been  interpreted 
in  several  highly  original  and  ingenious  ways.   The  final  results,  pre- 
sented as  differentia"       ize  functions,  slowed  clear  maxima  in  the 
o 
!  of  35A  or  less.   Of  course,  all  these  experiments  are  restricted 

o 
to  a  maximum  size  range  of  the  order  of  300  A.  Sorption  experiments 


with  vapors  of  largei  Jed  essentially  similar  results   (6), 

Keccntly  Wins low  and         ■'.!)    studied  the  distribution  of  pore 

sizes  in  cement  pai      nercury  parosiraetry  and  concluded  that  rr.ost  of 

volume  resides  in  pores  b<       roughly  100  and  1000  /.  in 
diameter.   These  results  were  not  dissimilar  to  those  of  others  (8,  9) 
using  the  same  method. 

Previously  published  studies  using  mercury  porosimetry  have  been 

o 
ted  to  pores  shove  about  85  A  in  diameter  owing  to  limitations  on 

the  hydraulic  pressure  that  could  be  exerted  by  the  instruments  avail- 
able; thus  the'size  range  conventionally  attributed  to  gel  pores  has 
not  been  accessible  for  s  :hod, 

The  Powers  modal  has        y  been  challenged  by  Feldman  and 
Sereda  (10,  for  example},,  who  offered  an  alternate  model.  One  of  the 
f  feature®  of  this  new  model  is  the  existence  of  interlayer  water 
that  is  readily  removable,  and  also  readily  replaceable  after  outgass- 
lag,  in  the  calcium  silicate  hydrate  that  maker,  up  most  of  the  cement 
gel,  This  feature,      -rect,  calls  for  a  reinterpretation  cf  the 
original  water  vapor  adsorption  data  on  which  the  concept  of  gel  pores 
was  first  develop 

of  the  w       far  reported  with  respect  to  pore  size  distri- 
butions has  included  an  attempt  to  develop  an  analytical  expression  to 
fit  the  experimentally-observed  pore-size  distributions.  This  situation 
is  in  strong  contrast  to  the  analagous  field  of  particle  size  distribution 
measurement;  particle-size,  distributions  have  been  fitted  to  mathematical 
expressions  by  ma 


NORMAL  DISTRIBUTIONS 

It  has  long  been  known  that  the  log-normal  distribution  function 
fits  many  experimentally-determined  particle  size  anaylses.  Repre- 
sentative of  early  studies  are  papers  by  Hatch  and  Choate  (11)  and  by 
Austin  (.1.2).   To  r.he  knowledge  of  the  writers,  the.  extension  to  pore- 
size  distribution  data  has  not  previously  been  made. 

The  log-normal  distribution  function  can  be  described  briefly  in 
the  following  equations,  with  the  development  patterned  after  that  of 
Irani  (13)  and  Irani  and.  Callis  (.14).   Note  that  the  function  is  of  the 
form  of  a  normal  distribution,  but  the  parameter  chat  is  normally- 
distributed  is  the  logarithm  of  the  diameter  rather  than  the  diameter 
itself. 

The  probability  of  occurrence  of  particles  of  a  diameter  M  is  giver. 


by 


4zfF  \W6*        ax?    "e.  {~~~T^T~ 


where  M  is  the  geometric  mean  diameter  of  the  distribution  and 

6     is    the  geometric  standard  deviation. 
The  geometric  mean  diameter  H  is  the  diameter  above  which  50  percent 
of  the  particles  lie: 

/  f  (M)   d(lnM>  *j~  (2) 

The  geometric  standard  deviation  is  given  implicitly  bv  the  expression : 


The  value  of  0    for  a  given  distribution  can  be  obtained  from  the 
experimental  cumulative  distribution  data  by  dividing  the-  diameter  at 
15.87  percent  oversize  by  M,  or  alternatively,  by  dividing  X  by  the 
diameter  at  86.13  percent  oversize. 

The  utility  of  the  function  derives  from  a  number  of  useful  proper- 
ties it  possesses.   First,  in  integrated  form,  it  can  be  plotted  as  a 
straight  line  on  log  probability  paper,  i.e.  paper  ruled  according  to 
Che  normal  probability  function  on  one  axis  and   a  logarithmic  scale  on 
the  other.   The  value  of  M  is  read  immediately  from  the  value  of  the 
plot  at  the  50%  probability  line,  and  the  value  for  a  is  computed  almost 
as  easily  by  either  of  the  methods  mentioned  above. 

So  far,  the  function  has  been  framed  in  terms  of  a  number  distri- 
bution, which  describes  the  probability  of  occurrence  of  individual  part- 
icles of  a  given  diameter.  Another  useful  property  of  the  log  normal 
function  is  that  number  distributions  are  sinply  related  to  weight  distri- 
butions: Kapteyn's  law  can  be  stated  as : 

In  M    -  In  N   +3  In2  {  <T)  (4) 

g         n 

where  M   ■  the  mean  of  the  weight  distribution 

M   »  the.  mean  of  the  number  distribution 
n 

o      ■  the  geometric  standard  deviation  of  either  distribution 
(they  are  identical), 
Kapteyn's  law  results  in  the  happy  circumstance  that  the  two  distri- 
butions plot  as  parallel  straight  lines,  and  graphical  estimation  of  one 
from  experimental  determination  of  the  other  is  straightforward. 


MODIFIED  LOG        DISTRIBUTIONS 

Occasionally  particle-size  distributions  arise  that  do  not  fit 
the  log-norr.al  distribution.   Some  of  these  can  be  fitted  satisfactorily 
to  suitable  modif ications  of  a  more  general  function  that  includes  the 
log  normal  distribution  as  a  special  case. 

One  way  in  which  distributions  that  require  a  modified  treatment 
come  about  is  if  the  process  that  generates  the  particles  in  question 
(for  example,  crystal  growth  from  solution,  or  comminution  by  grinding) 
imposes  either  an  upper  or  a  lower  bound  to  the  size  range.   The  log- 
normal  distribution  assumes  no  such  bounding,  i.e.  that  an  increasingly 
small  but  finite  probability  is  attached  to  sizes  increasingly  remote 
from  the  mean  size,  without  limit.   Practically  speaking,  if  the  mean 
of  the  distribution  is  distant  from  the  limit.,  the  linear  relation  be- 
tween probability  of  occurrence  and  log  of  particle  size  is  not  much 
affected,  but  if  the  mean  is  close  to  one  or  the  other  of  the  limits, 
the  form  of  the  distribution  of  particles  sizes  must  change,  and  the 
linear  relation  is  modified, 

Kottler  (15)  and  Irani  and  Callis  (14)  have  explored  this 
situation  analytically.  Th>;  treatment  below  is  patterned  after  that 
of  the  latter,  with  some  n.cdif icatior. . 

"Die  generalised  log-normal  distribution  function  is  based  on  the 
postulate  that  what  is  log-normally  distributed  is  not  the  particle 
diameter  M,  but  rather  a  function  M*  of  the  particle  diameter  defined 
with  respect  to  the  upper  and  lower  limits  of  the  range  as: 


5   (Moo-  Mo) 


(5) 


where  M   =  t!io  lower  size  limit  of  the  distribution  and 
o 

M  <so  ■  the  upper  size  Unit  of  trie  distribution 
With  this  definition,  the  generalised  log-normal  distribution 
function  is 


f  (M)  * 
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exp 


■iM 


(« 


,,f 


where  the  distribution  parameters  M*  and  0  now  reflect  the 
properties  of  the  distribution  of  M*  rather  than  of  the  diameter  M. 
The  cumulative  distribution  function  is  obtained  by  integrating 
equation  6  : 


'C 


P(M)  ~  loo  j 


f  M-Mo 


H 


(7) 


The  integral  can  be  evaluated  in  terms  of  the  error  i'unctl 
yield  the  following  expression: 


POIJ  '  SO  -So 


'  t  £-      1 

-V»  fjj*  { 


(0 


The  form  of  Equation  8  is  not  identical  to  that  given  in  reference 
(6)  and  (7),  in  which  an  accidental  error  has  appeared. 

The  results  of  examination  of  the  distributions  of  the  pore  sizes 
of  portland  cement  pastes  suggests  that  a  modified  log  normal  treatment 
of  this  type  is  required  to  fit  the  data.  The  lower  limit  of  the  ex- 
perimental distribution  (Mo)  is  iiuf f iciently  distant  from  the  mean  to 


)  • 


have  little  consequence,  rue  die  upper  lirr.it  (.'•'«)  strongly  influences 

the  shape  of  the  distribution  curve,  and  its  influence  must  be  taken 

into  account.   In  such  cases,   ''   nay  be.  taken  as  zero,  and  the  para- 

o 

meter  M*   reduces    to: 

M*      -     ~2Ulg.~ (9) 

Ago     -     A 

METHOD  OF  FITTING  OF  PORE-SIZE  DISTRIBUTION  DATA 

An  example  is  now  provided  to  illustrate  the  fitting  cf  the  gene. 
ized  log-normal  distribution  function  to  pore-size  distribution  data  of 
cement  paste. 

The  cement  paste  was  prepared  at  a  water :cement  ratio  of  0„6  from 
a  Type  I  Portland  cement*   It  was  mixed  under  vacuum,  compacted  in  a  re - 
producible  manner,  and  hydrated  for  2  days  at  24  C  under  saturated  li-ne- 
water.   The.  density  and  total  pore  space  were  then  determined,  and  the 
specimen  was  cured.   Pore-size  distribution  determinations  were  mac 
mercury  porosimetry,  as  previously  described  by  Kins  low  and  Diamond  (7). 
A  contact  angle  of  117  was  used  in  calculating  the  results.   Figure  3 
presents  the  results  of  two  separate  determinations  on  replicate  portions 
of  this  paste,  one  carried  out  in  this  laboratory  using  an  Aminco-Kinslow 
porosimeter  of  15,000  psi  pressuring  capacity,  the  other  carried  out  in 
the  Applications  Laboratory  of  the  Microaeritics  Instrument  Corporation 
using  a  Micromeritics  Instrument  Corporation  porosimeter  of  50,000  psi 
pressuring  capacity.   The  agreement  of  the  two  sets  of  data  is  excellent 
except  in  the  range  of  sizes  coarser   than  1 ^tm.   The  apparent  content 


of  pores  above  this  sj       jt  jcnorally  reproducible  i.r.r.  ^.;t 

partly  duo  to  artifacl .   For  older  pa;  ues,  or  pastes  of  lower  water: 
cement  ratio,  this  non-reproducible  coarse  porosity  becomes  of  ever,  less 
quantitative  importance,  and  for  practical  purposes  it  ray  be    ignored. 

The  determination  of  the  total  pore  space  for  this  sample  yielded  a 

3 
value  of  0.430  cm  /g,  which  is  slightly  in  excess  of  the  amount  of  mercury 

3 
intruded  at  50,000  psi  pressure  (0.402  cm"/g) .   For  more  mature  cement 

pastes  the  mercury  intrusion  is  somewhat  less  complete, 

The  mercury  pore  size  distribution  data  are  normally  expressed  in 
terms  of  the  cumulative  volume  of  pore  space  intruded  as  a  function  of 
pore  diameter.   The  cumulation  is  logically  carried  out  from  the  largest 
diameters  (intruded  under  the  least  pressure) ,  downward  to  the  smallest 
that  can  be  intruded,   The  minimum  size  is  set  by  the  maximum  pressuring 
capacity  of  the  instrument.   The  volumes  are  usually  expressed  as  volumes 
per  gram  of  dry  weight.   The  form  of  the  distribution  function  to  which 
it  is  desired  to  fit  the  data,  Equation  8,  is  expressed  in  terms  of  per- 
cent probability  of  finding  a  volume  unit  as  large  or  larger  than  a 
given  size.   In  order  to  convert  the  experimental  data  to  a  suitable 
form,  each  cumulative  intruded  volume  measurement  is  divided  by  the  total 
volume  of  pore  space  present  in  the  sample  concerned.   The  data  than  ex- 
press the  cumulative  distribution  of  volume  in  terms  of  diameter,  normalized 
to  100  percent  of  the  volume  present  (even  though  not  all  of  it  may  be 
intruded).   This  is  thus  also  the  probability  of  finding  a  given  volume 
in  pores  of  size  equal  to  or  larger  than  that  specified. 


Figure  2  shows  the  data  o 
probability  paper.   On  such  .1  plot  a  straight-]  ..,:  indi- 

cate that  the  data  fit  the  "simple"  log-normal  distribution.   The  data 
in  fact  do  so,  except  chat  the  straight-line  relations'   -     ! ,3:  for 
sizes  above  about  0.3  ftm.   The  trend  of  the  data  h  Ureter 

curves  to  intersect  the  abcissa  at  a  value  slightly  in  excess  of  0.3  Urn, 
if  the  points  showing  the  non-reproducible  porosity  of  the  coarsest.  3  percent 
or  so  of  the  distribution  are  ignored. 

Such  a  plot  defines  "Case   A"  as  classified  by  Irani  and  Callis  (7), 
i.e.  the  existence  of  a  basically  log-normal  distribution  perturbed  at 
its  upper  end  by  come  factor  which  limits  the  maximum  size  that  can  be 
present.   In  the  present  context,  the  factor  is  obvious,*  the  maximum 
pore  si2e  is  limited  by  the  size  of  the  interstices  between  the  grains 
of  unhydrated  cement  at  the  time  of  set, 

The  procedure  for  fitting  the  generalized  log-normal  function  to 
the  data  consists  of  the  following  steps; 

1)  The  intersection  of  the  trend  line  with  the  diameter  axis  is 
taken  as  >'#?  . 

2)  The  parameter  M*  is  calculated  for  each  experimental  value  of 

M.  .  In  this  case,  as  indicated  by  Equation  0 ,   M*  is  given  bv  ^--^,. 
When  normalized  cumulative  intrusion  is  plotted  vs.  In  M*,  the 
result  should  be  a  straight  line. 

3)  If  the  initial  estimate  of  M«j  does  not  result  in  straight-line 
fit,  several  trials  are  made  using  slightly  augmented  or  reduced 
estimates  of  M<»  until  a  good  fit  is  obtained. 


Such  .-i  procedure  ap; 
yields  Figure  3,  which  ;'s  cala  ",^    of  0.82^r..   The   o: 

ience  of  the  fit  is  nppan  cs  of  >>'•'.   Ti.o  -or  ;r....p 

is  to  determine  the  rear,, 

of  the  log  normal  distribution  of  the  "reduced1  the 

intersection  with  the  50Z  probability  lino 

0.25  urn,  and  by  the  procedure  previously  outlined,  the  standard  deviate 
is  evaluated  as  25.   Note  that  this  standard  deviation  is  high,  indica 
a  bread  log-normal  distribution,  a  fact  wh  ^vely  obvious 

from  the  spread  of  the  "reduced"  diameters 

We  have  now  characterized  the   distribution  of  pore  diameters  in 
terms  of  a  generalised  or  modified  log  normal  distribution  with  an  upper 
size  limit  of  0.82  y.mt    the  "reduced"  diameter  K*  being  distributed  so  as 
to  have  a  mean  of  0.25  japi  and  a  o  of  25.   Three  questions  ther.  arise: 
1)   How  good  is  the  fit?   2)   What  do  the  parameters  really  mean? 
3)  Of  what  relevance  are  the  results? 

Table  1  gives  the  comparison  of  cumulative  pore  size  distribut 
data  calculated  by  inserting  the  fitted  parameters  into  Equation  8, 
with  the  original  experimental  data.   Tt  is  apparent  that  the  equation 
fits  both  sets  of  experimental  data  with  satisfactory  precision. 

The  answer  to  the  second  question  is  slightly  more  complex.   In 
essence,  the  log-normal  distribution  of  K*   is  conceived  as  the  log-normaJ 
distribution  of  "  that  would  have  developed  had  there  been  no  limit.it:. 
jn  the  maximum  size  of  pore  that  could  be  present.   In  this  sense  the  "* 


distribution  Is  the  "ido.ali      ig-normal  distribution.    n    :  .• 
values  of  M*  approach  t  \   values  of  M  >3  one  goes  lo 

diameters  for  removed  from  the  perturbing  effect  of  the  '■'■  eo      lir.it. 
However,  care  must  be  taken  in  that  physically  one  must  be  concerned 
with  the  actual ,  rather  than  the  idealized,  distribution.   The  actua] 
distribution  is  not  z   simple  log  nonal  function.   Its  5051  probability 
diameter  is  not  that  characteristic  of  the  M*  distribution,  but  something 
less  than  this.   Similarly.,  the  "spread"  of  the  actual  distribution  is 
less  than  that  implied  by  the  0   value  calculated  for  the  idealized  M* 
distribution.,  being  reduced  or  truncated  on  the  upper  side  of  the  mean. 
In  answer  to  the  third  question,  in  its  most  restricted  sense  the 
equation  can  be  treated  simply  as  a  means  of  expressing  a  given  pore  size 
distribution  in  anayltical  form,  so  that  computer  or  other  mathematical 
manipulations  can  be  carried  out  on  it  conveniently.   This  would  be 
useful  in  itself,  but  undoubtedly  many  different  mathematical  expressions 
could  be  developed  to  fit  a  given  set  of  experimental  data.   The  real 
point  of  the  present  treatment  is  twofold:   the  parameters  of  the  equation 
have  physical  significance,  and  the  equation  can  be  satisfactorily  fitted 
to  all  mercury  intrusion  pore-size  distributions  of  cement  pastes  so  far 
examined. 

RESULTS  FOR  OTHER  PORTLAND  CEMENT  PASTES 

The  fit  of  the  modified  log-normal  distribution  function  was  examined 
for  cer.ent  pastes  of  varying  age  and  initial  water : cement  ratio.   The 
pastes  used  were  prepared  in  a  manner  similar  to  that  described  by  U'inslow 


zwd   Diamond  'J)    hut  represented  a  diffc       c,  witb  -otv   .'::■•  Mr.vcL- 
butior.s  similar,  but  not:  identical,  to  those  prcviotiyly  ..:;-.,.  lc<' . 
of  the  data  represent  determinations  carried  out  in  thi        i^ry   in 
the  range  0-15,000  psi.   These  arc  s up p Demented  v;itii  a  few  runs  in  the 
0-50,000  psi  range  carried  out  through  the  courtesy  of  the  Micrcxcritics 
Instrument  Corporation. 

Figure  4  shows  the  fit  observed  for  a  series  of  0.6  watcrrcement 
ratio  pastes  ranging  in  age  from  1  day  to  61  days.  Changes  arc-  obviously 
rapid  in  the  initial  hydration  period.   However,  after  seven  days  the 
slope  of  the  distribution  function  remains  approximately  constant,  al- 
though the  distribution  continues  to  get  finer  and  finer.   Figure  5 
shews  superimposed  data  for  61  days,  182,  and  318  days.   After  about  2 
months  the  distribution  function  for  these  samples  appears  to  be  es- 
sentially constant. 

Figure  6  shows  similar  data  for  a  series  of  pastes  hydrated  at  a 
water: cement  ratio  of  0.4.   Figure  7  shows  superimposed  data  for  61,  232, 
and  320  day  old  pastes,  which  again  show  what  seems  to  be  a  common  distri- 
bution, although  the  fit  is  not  quite  as  good  as  that  in  Figure  5.   The 
trend  line  is  parallel  to  that  of  the  28-day  old  sample  of  Figure  6, 
suggesting  that  the  change  in  slope  between  14  days  and  28  days  in  Figure 
6  is  real. 

The  parameters  of  the  modified  log-normal  distribution  equation 
estimated  for  each  of  the  samples  plotted  in  Figures  4  through  7  are 
given  in  Table  2,  along  with  measured  values  of  total  pore  space  and 
maximum  intrusion  of  mercury.   The  upper  size  limit  M»  is,  as  expected, 


initially  of  the  microrr.ctcr-sise  /:.:,.   (0.3  and  9.7  ix.m,  respective]", 
for  the  0.6  .::k;  0 .  h  i).   It  decays  in  a  :'.-., 

months  to  seemingly  stendy-st.  ,]  an-:  0.0'.  *.:., 

respectively.   At  all  stages  the  0.6  pastes  have  r>.  higher  upper  1: 
than  the  0.4  pastes. 

The  M*  parameters  also  reduce  with  age,  going  from  0.6  and  0.17  am 
respectively  to  about  0.015  and  0.006  jjm  after  a  tew  months.   The  geo- 
metric standard  deviation  apparently  follows  a  different  trend  with  tine. 
The"  high  initial  values  (50  and  24,  respectively)  decay  to  approximately 
their  lower  limits  within  a  week:   further  aging  does  nor.  materially  re- 
duce this  parameter  for  the  0.6  pastes,  and  it  increases  the  parameter 
for  the  0.4  pastes  to  about  30. 

The  approximate  constancy  of  the  parameters  for  ages  of  CO  days 
and  beyond  is  noteworthy.   Since  the  pastes  of  this  age  are  more  than 
90%  hydrated,  the  data   drawn  from  these  and  older  pastes  should  be  more 
or  less  consistent.   One  may  thus  consider  that  the  mercury  intrusion 
pore-size  distributions  of  'mature"  pastes  can  be  described  by  liquation 
8  using  the  c'uaracteristic  parameters  K^!^  O.lO^tm,  M-  £/  0.015  urn, 
<f  ££  11  for  0.6  w:c  pastes,  and  M*,  f&    0.06  jdn.,   M*  &    0.006j*m,  and 
<f=  30  for  0.4  w:c  pastes. 

There  remains  the  problem  that  roughly  one  quarter  of  th<-:  pore- 
space  in  mature  0.6  pastes  is  not  intruded  even  at  50,000  psl  pressure, 

o 

corresponding  to  about  23  A  in  diameter.   tJhile  comparable  data  are  roc 

available  for  the  0.4  paste  series,  extrapolation  of  the  trend  of  Figu 
?  suggests  that  the  corresponding  figure  would  be  about  4C".   As  previa 


mentioned,  the  pore  space  not  tallied  by  intrusion  nay  be  thow-ht  of 
s  either  in  sines  too  fine  or  with  entryway.i  toe  fine  to  bo  intrv 

or  else  as  larger  pores  which  are  "cncapr.ul 

by  mercury.  This  point,  will  be  discussed  later. 


a 


DISCUSSION  AW   IMPLICATIONS 

With  respect  fcc  subdivision  at   pore  spaces,  the  processes  of  cement 
hydration  may  be  regarded  as  somewhat  analagous  to  the  process  of  crush- 
ing or  grinding  vith  re*p?ct  to  particle  size.  The  analogy  is  imperfect, 
for  the  total  volume  of  pores  diminishes  as  hydration  procedcs,  while 

^article  volume  remains  unchanged  in  particle  comminution  processes. 
Nevertheless,  if  one  considers  else  distribution  normalized  to  total 
pore  voiuwe  at  each  stage*  the  hydration  process  can  be  considered  to 
involve  repeated  subdivision  of.   intargraaular  spaces  into  smaller  and 
smaller  units  ss  hydration  products  repeatedly  bridge  the  water-filled 
space*.  Such  ft  process  resembles  the  process  of  reduction  of  particle 
"ashing  and  grinding. 
The  latter  process  has  been  known  to  result  in  log-normal  particle 
*ia;  &t   many  years,   Epstein  CIS),  for  exaapl*,  shelved 

statically  that  ''under  certain  hypotheses  the  laws  of.   probability 
rate  In  such  a  way  thae  size  distributions  obtained  rroa  the  continued 
i  fcien  on  the  breakages  process  are  asymptotically  iogsrithaico- 
norma 

C  the  pore  size  distributions  under  discussion  are  not 
ply  log-normal  but  must  be  fitted  to  a  generalized  log-normal  distri~ 
:n.   function  dsservea  comment.   It  should  be  recalled  that  all  real 
particle  or  pore  size  distributions  do,  In  feet,  have  some  maximum  size 
sad  sooe  minimum  else,  In  the  present  -case,  the  maximum  size, 


(*W  is  always  ?ea«on«         :c  the  geometric  mean  M*.   Initially, 
N»  is  presumably  get  by        :ea  left  between  grains  of  cement, 
already   partly  bridged  over  by  hydration  products  at  the  time  of  set. 
This  maximum  size  continues  to  decay  with  further  hydration,  as  does 
the  geometric  mean  diameter,  but  the  former  remains  close  enough  to 
the  latter  at  all  stages  of  hydration  so  that  the  form  of  the  distri- 
bution function  is  always  affected. 

A  major  implication  of  this  study  has  to  do  with  the  problem  of 

whether  there  is  a  separate  class  of  "gel  pores"  in  the  range  of  tens 

9 

of  Angstroms  as  originally  postulated  by  Powers  (1)  and  generally 

accepted  for  many  years .,   The  present  data  contain  three  determinations 
that  extend  to  the  25  A  diameter  range,  if  the  assumptions  of  the 
mercury  intrusion  method  are  correct.  None  plot  above  the  log-normal  trend. 
The  log-normal  plot  for  two  of  these „    the  2-day  old  and  the  28  day-old 

are  shown  as  dark  squares  in  Figure  k ,     For  the  mature  paste  (318  days 

o 
id),  the  pore  volume  intruded  below  about  60  A  in  diameter  is  not  only 

less  than  that  predicted  by  the  log-ncrmal  piott  but  is  almost  negligible 

absolute  terms.  The  plot  of  cumulative  percentage  ox  pore  volume 

intruded  vs.  pore  diaaeter  is  giv*n  in  Figure  8  for  this  sample.  The 

3 
total  pore  voluae  in  this  a&ssple  y&s   measured  as  0.306  cm  /g.  The  volume 

o 

intruded  between  pressures  eagres ponding  to  pore  diameters  of  77  A  and 


>  3 

X,  is  only  0.011  cm   /g. 


Admittedly  v  at.  the  -  exerted  about  25  percent  of  the 

pore  space  wae  not  lotrud       e  reason  for  this  has  not  yet  been 
demonstrated  with  certain  •  the  untallied  pores  nay  nave  entry- 

ways  too  narrow  to  penetrate  wit        /  at  50,000  pal,  and  none  of 
them  may  be  in  calcium  silicate  hy  Irate  regions  that  are  isolated  fron 
the  outside  as  a  result  of  encapsulation  by  secondary  deposits  of  calcium 
hydroxide  growing  through  the  aasa .  Visual  evidence  that  this  encap- 
sulation happens  has  been  published  earlier  (17)  in  the  form  of  scanning 
electron  micrographs. 

Despite  this  uncertainty,  the  present  results  are  clear.  On  the 
basis  of  the  experimental  evidence,  all  of  the  pore  volume  intruded 
constitutes  *  single  modified  log-noraal  distribution  of  diameters,  and 

no   evidence  for  the  existence  of  a  separate  class  of  characteristic  "gel" 

i. 
pores  i*  found. 
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EMENT  OF  GENERALIZED  LOG  •  S.ON  III  WITH  F.XTR  I  MENTAL  DATA 


ore  diaro.)s  A4« 

Calculated 

:Q3 

17.  a 

0.615 

24. S 

0.512 

29.9 

0.492 

31.1 

0,410 

35.6 

0.324 

40.7 

0 .  300 

42.2 

0.241 

46.4 

0,224 

47,5 

I  76 

51.4 

L46 

54 .  3 

0.137 

55.2 

L03 

59,3 

095 

60.4 

!820 

0,0630 

66.6 

0615 

67.8 

0.0439 

70.5 

0.0410 

•      70.6 

0.0307 

73.8 

0.0.166 

79.3 

0.0154 

80.5 

0.0123 

82.4 

0.0112 

83,1 

0.0102 

83. £ 

0.0087 

85,1 

0.0077 

86,0 

0.0056 

88.0 

0.0041 

89.9 

0.0032 

91.1 

0.0025 

92.5. 

tttve  Psrc r ntage  of  Volume  irt  Tores  ^M 
h  £j<goririenr.al 


'  ?;,*$. .P.0'?,  I'8,j.ilHj?  0-50,000  pal  run 


17.1 

25.1 

33.9 
38.4 

43.8 

47,9 
50.8 

53.8 
53.4 

62.3 

66.5 

72.5 
75.4 

80.8 
82.1 

S3. 3 

84.2 


♦Calculated  frora  Equation  "8.  using  H^,-  0.82,  TP   -  0.5$,    f  • 


29.4 

33.8 
38.6 

46.1 
52.6 
60.0 

78.0 
8?.0 


85.8 

90.9 
91.5 
93. 'j 


Table 

USTRIBUTION 

\STES   AS    A  FUNCTION  OF  AG] 
I   RATIO 


T 


W:C 
IAT  10 


TOTAL  PORE 
SPACS 


MUM  VOLUME 
INTRUDED     <c*.3/g) 


FITTED    PARAMETERS 


IS.OOOpBJ         50.000p9i     |       Hop (Km) 


y<-:n} 


jd 


0.6 

I 

-69 

0.4' 

]  .3 

0 .  A  30 

0.3 

401 

0,82 

0.25 

7 

0.392 

0.303 

0.41 

0.052 

12.5     j 

28 

0 .  350 

0.226 

0.269 

0.11 

0.020 

1? . 

61 

0 .  309 

0.182 

-   0.09 

0,015 

.182 

0,314 

0.183 

- 

0.09 

0.015 

318 

0.30b 

'  0,188 

0.225 

0.12 

0.017 

M 

1 

0,313 

0.254 

_ 

0.70 

0.17 

2  A 

2 

0.310 

0,239 

- 

0.42 

0.090 

21 

7 

0.259 

0.175 

- 

0.035 

0.039 

17 

1* 

0.244 

0.140 

- 

0.085 

0.01? 

28 

0.200 

L04 

- 

0,064 

0.0 10 

61 

0.263 

0.083 

0.055 

0.0060 

182 

0.187 

0.083 

0.057 
0.064 

0.0060 

35 

320 

0.187 

0.087 

0,0068 

25 
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